Floral and reproductive traits frequently influence pollinator behaviour and plant reproductive success and are therefore thought to be under selection. However, for wild plant populations there is little information on the amount of genetic variation for such traits. We estimated broad-and narrow-sense heritability of floral and reproductive traits for two populations of the perennial wildflower Penstemon centranthifolius, using a paternal half-sib crossing design in one case, and clonal propagation of ramets from different genets in the other. In both designs, most traits were significantly heritable, including nectar production, corolla length and width, inflorescence length and total flower production. Flowering date was significantly heritable for the crosses, but not for the clones, while nectar sugar concentration was not significantly heritable in either design. Genetic correlations were in some cases strong, and in some cases differed greatly from the corresponding phenotypic correlations. These results indicate that P. centranthifolius harbours a large reservoir of genetic variance which could support an evolutionary response to phenotypic selection.
Introduction
Many recent studies indicate that components of plant fitness can be influenced by variation in traits such as flower number, flower size, stigma exsertion, nectar concentration, and nectar production rate (Stanton et a!., 1986; Wyatt & Shannon, 1986; Campbell, 1989; Galen & Stanton, 1989; Broyles & Wyatt, 1990; Real & Rathcke, 1991; Campbell et al., 1991; Cresswell & Galen, 1991; Mitchell, 1993) . Such studies reveal much about the nature and magnitude of phenotypic selection but most do not explore the genetic basis of observed variation. In outcrossing species an evolutionary response to selection is not expected unless there is additive genetic variance for those traits (Falconer, 1981) .
In this paper we estimate the genetic basis for variation in floral and reproductive traits for one angiosperm species, using two different techniques. First, we estimate additive genetic variation and narrow-sense heritability, as well as genetic covariance using a nested paternal half-sib crossing design. Second, we assess genetic variance and broad-sense heritability using clonal propagation of genets (genetically distinct individuals). This latter approach tends to overestimate the genetic influence of traits because genetic and nongenetic effects on observed phenotypes are confounded. For this reason 'clonal repeatability', as measured in this second experiment sets an upper bound on narrow-sense heritability (Falconer, 1981) .
Materials and methods
Penstemon centranthifolius (Scrophulariaceae) is a common short-lived perennial of southern and coastal California (U.S.A.) , and is primarily an early colonizer of disturbed areas such as recent burns and roadsides (Munz & Keck, 1959 (Mitchell, 1989) . Floral morphology and nectar production rate are variable within and among populations (Straw, 1955) . Flowering occurs primarily during March to July at elevations up to -2000 m.
Hummingbirds and native and introduced bees are common visitors and important pollinators of P.
centranthifolius in the mountains of southern California where this study was conducted (Straw, 1955 (Straw, , 1957 Mitchell, 1989 Mitchell, 1989) .
The realized initial family structure is shown in the first column of Table 1 . Seeds from these crosses were planted in a randomized block design at the University of California Riverside (300 m elevation) in November 1988. Each block consisted of a flat of individual 4 cm diameter x 8 cm deep planting cells filled with a mixture of soil mix and perlite. Each cell received a single randomly chosen seed, and only one seed per mother-father combination (henceforth referred to as a 'cross') was present in any one block. Therefore as many as 55 seeds (the number of maternal sibships) were placed in each block. Seed production from each cross was variable, but all viable seeds (up to a total of 40, one for each block) from each cross were planted. As seed supplies from crosses producing few seeds were exhausted, the cell assigned to that cross was left empty.
Flats were kept on two benches in a greenhouse with natural photoperiod. To assess genetic variability, we considered both vegetative traits expressed early in life and traits related to reproduction. In October 1989 three vegetative characters were measured: length and width of the largest leaf, and length of the longest branch. Floral morphology was measured on four separate dates during 1990 and seven dates during 1991. On each inflorescence (many plants produced more than one inflorescence in any one year) one flower was house plants, and capping prevented birds from removing nectar). Twenty-four hours later the volume and concentration (percentage mass/total mass) of the accumulated nectar was measured using microcapillary tubes and a refractometer. This method provides a good estimate of 24 h nectar production rate (R. J. Mitchell, unpublished data). Total sugar production Floral traits were measured for these plants as described above for the crossing experiment, on three separate dates in 1990, and six dates in 1991. Nectar traits were measured on two dates in 1990 and seven dates in 1991. Plant means for each trait were analysed using a nested ANOVA, ramets nested within genets.
Genetic variance ( V) was estimated as:
where MS =mean square, and r = mean number of ramets measured/genet (Falconer, 1981) . Clonal repeatability, an estimate of broad-sense heritability (Falconer, 1981) was estimated as I/g/Vp where V, = phenotypic variance = total variance. 0.009
For corolla length and width N flowers = 629; for gynoecium length and stigma exsertion N flowers = 616; and for nectar traits N flowers = 347. Flowering date is in days since 1 January of each year, measures of size in mm, volume in tl, sugar in mg sucrose equivalents, and concentration in % mass/mass.
Significance of "a was tested by comparing a model with V and Ve free to vary with a model constraining T'a to zero; the resulting likelihood ratio is compared to x2 1 d.f.
For both designs, the relatively uniform environment experienced by plants in the lathhouse may have decreased V, and therefore may have inflated our estimates of heritability (as V, = Vg + Ve). However, little is known of the genetic basis of the attributes considered here (especially nectar traits), and we therefore are primarily interested in whether there is any genetic component to interplant variation, as a first step towards understanding the adaptive significance of these traits. Use of a standardized environment maximizes our chances of detecting genetic components of variation. Another potential complicating factor in interpreting our results is that heritability estimates in the relatively novel environment of the lathhouse may be inflated if there are substantial genotype X environment interactions (Mitchell-Olds & Rutledge, 1986 ). However, because P. centranthifolius is primarily a colonizing species, genetic parameter estimates for novel environments probably are relevant, as this species frequently colonizes novel locations.
Results

Crosses
All but one of the traits considered in the crossing experiment showed significant additive genetic variance and narrow-sense heritability ( Table 2 ). The largest heritability estimate was 0.73 for stigma exsertion, and the lowest was -0.002 for nectar concentration (not significantly different from zero). Phenotypic and genetic correlations for reproductive traits are presented in Table 3 . Although many genetic correlations are substantial, our sample size was not large enough to detect significant genetic correlations smaller than an absolute value of -0.8. Some genetic correlation estimates were not in the range of -1 to + 1, or could not be estimated because of a negative estimate of Va. These anomalies occur most commonly for nectar concentration, and the very low heritability of this trait probably contributed to these inadmissable values. Genetic and phenotypic correlations were not strongly associated with one another, as measured by the mean absolute difference between the genetic and phenotypic correlations (Willis et at., 1991;  mean±s.d.=0.33±0.36, N=40), and by the correlation between elements of the two matrices (Pearson product-moment r=0.36, N=40).
C/ones
As with the crosses, the clones exhibited strong genetic variance for most measured traits (Table 4 ). The largest broad-sense heritability was 0.94 for corolla width, and the lowest was 0.04 for nectar concentration. In contrast to results from the crosses, Vg for flowering date was not significantly greater than zero. Broadsense heritability measured in this experiment was greater than narrow-sense heritability in the crossing experiment for all but two of 10 traits (flowering date and stigma exsertion). The sample size of genets (eight) was too small to allow reliable estimation of genetic correlations.
Discussion
Our results indicate that P. centranthifolius harbours a large reservoir of genetic variance in floral, reproductive and vegetative traits (Tables 2 and 4 ), and that a large fraction of that variance is additive (Table 2 ). This result agrees with studies of other wild plant species (e.g. Shore & Barrett, 1990; Mazer & Schick, 1991) , and supports the idea that P. centranthfolius has the genetic capability to respond to selection on those traits. Documentation of the patterns of inheritance for wild plants is rare and difficult because of the long time required for many species to reach reproductive age, the large sample sizes required for statistically meaningful measurements, and the mathematical problems that follow from the unbalanced designs common for such studies. Indeed, given the severe imbalance of our data, analysis by standard procedures is questionable, but this imbalance poses no difficulty for REML estimation.
To our knowledge, neither heritability nor genetic determination of nectar production rate has previously been measured for a wild plant species (see Rathcke, 1992) . For crop plants, especially alfalfa (Medicago sativa), there is more evidence (Pedersen, 1953; Hawkins, 1971; Walker et al., 1974; Teuber & Barnes, 1979; Teuber et al., 1990) . Nectar production rate frequently varies strongly with abiotic factors (e.g. Kenoyer, 1917; Pleasants, 1983; Zimmerman, 1983; Plowright, 1987 ; D. C. Campbell & K. J. Halama, unpublished data), and such large environmental influences might be expected to mask any heritable variation. Our results argue against the generality of that inference, and bolster the argument that phenotypic selection might influence the evolution of nectar production rate (Zimmerman, 1988; Mitchell, 1993) . However, our plants were grown under relatively uniform conditions, and so might exhibit greater genetic determination of realized phenotype than in the wild. Nonetheless, the range of nectar production seen here is similar to that in wild populations (R. J. Mitchell, unpublished data) , implying that there may be little disparity between V in the field and in this study.
In contrast to nectar volume and sugar production, nectar concentration exhibited no detectable genetic determination in either of our experiments. This may in part be a result of the minimal phenotypic variation among plants; the coefficient of variation of concentration for the clones was only 2.7 per cent, and for the crosses was 13.8 per cent (such low coefficients of variation for plant mean concentration are common for P. centranthifolius plants in the field as well, e.g. 12.1 per cent, N= 45; R. J. Mitchell, unpublished data).
However, the question of why there is so little variation (even for the crosses) still remains. A possible explanation involves selection by pollinators, as inferred from For morphology, total Nflowers = 134; for nectar traits, N flowers = 79. All sizes are in mm, sugar production is in ul and mg sucrose equivalents, and concentration is in % wt/wt. Inflorescences of some plants were damaged before final measurements, decreasing sample size for inflorescence length and total flowers. Vg includes all effects shared by ramets of the same genet. F ratios are for significance of differences among genets, tested over MSramets(genels).
floral syndromes (Faegri & van der Pijl, 1971) . One such syndrome is that of 'hummingbird pollination', a cardinal characteristic of which is secretion of copious amounts of relatively dilute nectar. Following this line, one explanation for the minimal genetic variation for nectar concentration is canalization of an 'optimal concentration' (see Pyke & Waser, 1981) . In agreement with this idea, genetic variation in concentration for bee-pollinated alfalfa plants also is limited, with a coefficient of variation of 1.8 per cent (Shuel, 1952) . It also is possible that these plant species could be at a biological limit, such that no meaningful variation among genotypes in nectar concentration is possible given their genetic, morphological and physiological make-up. Unfortunately, we currently have little data with which to assess these speculations. Investigation of the reaction norm of nectar concentration as a function of water availability might be one useful approach.
The substantial mortality experienced during this experiment might have affected estimates of heritability by decreasing sample size (and therefore precision), decreasing the range of genetic variation present in the survivors, or causing selection on traits correlated with those measured later. The latter two possibilities would tend to decrease, rather than increase, heritability estimates (Meyer & Thompson, 1984) , and so do not alter our conclusions.
Despite the spatial separation of these populations, and the different techniques used to estimate broadand narrow-sense heritability, there is reasonable concordance between them. This is in accord with (i) the idea that both populations have similar heritabilities, and (ii) the theoretical expectation that narrow-sense heritabilities are smaller than broad-sense heritabilities (Falconer, 1981) . Indeed, estimates of genetic determination were greater for the clones than for the crosses in all but two cases. The exceptions are flowering date and stigma exsertion. These exceptions may result from sampling error, or from actual differences in genetic variability between populations.
When predicting the response of traits to phenotypic selection, the genetic correlation matrix is required, as direct selection on one trait might affect the trajectory of genetically correlated traits (Falconer, 1981; Lande & Arnold, 1983) . Estimation of genetic correlations is difficult, but vital for such prediction; for P. centranthifolius, we found little correspondence between the genetic and phenotypic correlation matrices. This result is in accord with the caution of Willis et al. (1991) , that inferring phenotypic from genetic correlations, although tempting, is ill-advised. Our design was too small to reliably estimate whether genetic correlations deviate significantly from zero except in the most obvious of cases, but our estimates are nonetheless unbiased, and therefore are useful for this comparison of magnitudes.
Our results from these clones and crosses showed qualitative agreement on the extent of genetic determination of many traits likely to be important in the biology of P. centranthifolius. The much smaller sample sizes required for estimating clonal repeatability make it an attractive alternative to an extensive crossing experiment. We do not advocate use of clonal repeatability as the sole means of assessing genetic determination, because this approach confounds genetically determined variation that supports selection response with variation from other causes, such as environmentally-induced maternal effects. However, in this particular case few conclusions about heritability would have been altered if the clones alone had been considered.
